The "hazard" associated with a waste essentially controls the overall engineering approach to finding suitable alternatives for solving potential disposal problems. It should be recognized that all factors affecting environmental equilibrium must be considered, including product sales, process design, financing, pre-and end-of-pipe treatment, residuals management, and ultimate bioaccumulation of residuals.
Introduction
The objective of this presentation is to detail the basic components of a waste management system embracing the "multiple barrier concept" and extensions thereof, such as detoxification and volume reduction methodologies, the intent being a discussion of the elimination of the "'hazard" from hazardous solid wastes. The paper briefly summarizes; (a) hazardous waste guidelines, (b) definition of toxic and hazardous wastes, and (c) principles of ultimate disposal. A more detailed discussion follows; (a) separation and waste partitioning, (b) volume reduction, (c) segregation and containerization, and (d) isolation. Finally, an example is presented on how one barrier system, i.e. clay soil, can be evaluated as a disposal site.
Estimates of the annual production of hazardous wastes have ranged upwards to 9 million tons (8 Tg) during 1970 and production is expected to continue increasing (1) (2) (3) . When these numbers are reduced to a per capita basis, the problem becomes manageable. A summary of hazardous waste production by region has been published (4) . A significant portion of these hazardous wastes are, or eventually will be, a solid waste problem. Representative hazardous materials found in various industrial waste streams art given in Table 1. rhe handling of the hazardous materials is complicated by the increasing magnitude of waste generated each year, the variety of materials that become refuse, the vast array of chemicals that may eventually leak from containers and burial sites; the difficulty of monitoring landfill sites for leachates, the difficulty of adequately sequestering waste to inhibit leaching, the variability of soils and their sorption capacities for leachates, the variability of soil permeability, and the cost of safe disposal versus that of assessing real or imaginary risk (5) .
Due to these complexities, the removal of the hazard from hazardous wastes requires a systems approach. For example, the least cost of an activated sludge and carbon adsorption system is a function of both processes operating simultaneously (Fig. 1) . The optimal design range for the least-cost system could not be ascertained by assessing the performance of the two processes independently.
Hazardous Waste Guidelines
An important consideration over the next several years will be the impact of the toxic effluent limitations which are currently being prepared by EPA in accordance with Section 307 of PL 92-500. In a consent decree from the Circuit Court of Appeals in Washington, D. C., the EPA agreed to promulgate toxic effluent limitations for selected constituents December 1978 
Definition of Toxic or Hazardous Waste
A rational approach to defining toxic and hazardous wastes is to view a biological entity in equilibrium with its environment and attempt to quantify those insults on the biological entity that causes a disequilibrium or negative response. In the study of hazardous substances, two parameters of importance are dose and time.
An important point to note about the tests for acute and chronic toxicity is that, although the tests might isolate the relative toxicity of a substance, they are virtually useless for predicting levels at which no toxic effects will occur. The result is that potentially toxic and hazardous substances can be identified, but criteria for safe exposure are lacking; therefore, these wastes have a special stigma imposed on them because of the possibility of unknown effects. This psychological stigma can often impede rational implementation of treatment and ultimate disposal schemes for these toxic and hazardous wastes.
Principles of Ultimate Disposal
No matter what treatment or ultimate disposal scheme is selected, man-made residuals will eventually reside in the atmosphere, lithosphere, or hydrosphere. An understanding of the reactions and Environmental Health Perspectives The greatest fallacy with the environmental crisis and residuals disposal is that acceptable environment can be obtained by reducing or even abolishing our dependence on "technology" or by neglecting cost considerations. The fact is that residual wastes and their ultimate disposal will require technological solutions-and many of them. Finally, the cost to support waste treatment, recycle, reuse, collection and disposal must be borne by the consumer in the form of higher prices and by the taxpayer in the form of higher taxes.
The handling and disposal of toxic and hazardous wastes is a multipronged problem that involves: (a) separation and waste partitioning, including process control through technological improvement, waste stream separation, and recycling; (b) inplant waste treatment, including chemical, physical, and biological treatment; (c) in-plant waste disposal, involving recycling, containerization, and incineration; (d) volume reduction through drying, incineration, and compaction of end-of-pipe residuals; (e) translocation involving storage, containment, and transportation; and (f) ultimate disposal considering isolation through minimization of water movement, and maximization of passive barriers through which migration of hazardous materials might take place.
Separation or Waste Partitioning
The first step in an approach to eliminating hazardous agents from solid waste is to separate the potentially dangerous substances and provide a means of effectively removing these agents from the waste. This procedure can be as simple as separating the hazardous agents at their source during process control or as complex as using physical, chemical, or biological pretreatment to extract or detoxify the agents in the waste stream.
Separation and waste partitioning have the distinct advantage of reducing the volume of solid wastes to be handled (6) . Often, relatively innocuous solid wastes will be combined with the hazardous wastes, thereby increasing the bulk which must be disposed of as a hazardous substance. The methods of separation and waste partitioning to be discussed in this section include process control and various treatment procedures.
Process Control. Process control entails separating the hazardous agents at the source. The initiation of control on the toxic wastes at this point is the most cost effective with respect to minimizing the volume and segregating the hazardous wastes. These concentrated, smaller volume waste streams are more amenable to the use of hazard reduction techniques such as sophisticated and expensive physical and chemical detoxification schemes.
Although process control economics vary from one industrial situation to another, in general, separating the hazardous agents at the source has the economic advantage of reduced treatment system size, reduced chemical cost, and amenability to recycling of valuable by-products (5). Thus, regardless of the industry, process control should be investigated for its potential for hazard reduction.
Chemical Treatment Chemical treatment schemes involving techniques based on chemical precipitation, oxidation, photochemical degradation, and pH adjustment can be employed to isolate or detoxify certain hazardous agents. Toxic heavy metals such as lead and cadmium can be isolated by hydroxide precipitation (7) . Lime precipitation followed by flltration is probably the most dependable method of removing cadmium salts and highly stable hydroxide precipitate at an alkaline pH. The completeness of the reaction is a function of pH, and lime addition to pH 10 is required. The cadmium removal process requires provisions for lime addition, rapid mix, flocculation, sedimentation, fitration, and neutralization to a pH between 6 and 9.
Cyanides can be reduced with appropriate pH control, chlorine dosage, and residence times. This alkaline chlorination process is the most proven treatment technology for removing cyanides from waste streams (8) . Chromium removal can be effectuated by several treatment techniques. These techniques involve chemical reduction and precipitation, ion exchange, and electrolytic reduction and precipitation. Each of these processes has advantages and disadvantages. However, the electrolytic process is finding increasing application, especially for treating cooling water blowdown (8) . Table 3 gives a comparison of costs for removal of certain of these toxic metals for a model refinery. Although these costs are for an aqueous waste stream, the metals not detoxified in the aqueous waste stream will eventually reside in sludges.
Numerous toxic metals can be precipitated by the previously cited metal hydroxide technique (9) . The principle involved in heavy metals removal by hydroxide precipitation is that virtually all metals have a low point in their solubility curve at some alkaline pH value. The hydroxides of the various metals therefore precipitate at different pH's ( Fig. 2) .
The detoxification of hazardous wastes not only occurs by induced chemical precipitation during pretreatment schemes but also after placement in the shallow land burial site. The precipitation of toxic metals from landfill leachate is well documented (10) . The dynamic nature of this soilleachate interaction can be illustrated schematically (Fig. 3 ). For this reason, the design of the burial site with respect to selection of lining materials and soil geomorphology is an important aspect in the system design for containment of hazardous wastes.
A technique, similar to hydroxide precipitation, for removal of toxic metals is removal by sulfide precipitation; this method utilizes either inorganic sulfide, hydrogen sulfide gas, or sulfide generated by anaerobic organic activity. This technique is based on the principle that virtually all metal sulfides have a low solubility. Mercury is successfully separated by this technique as well as with the addition of ferrous chlorides (11) .
Extensive work has been done on detoxifying sludges by removing toxic metals using a procedure for fractionating metals by several extractions with chelating agents (12) . Implementation of physical treatment schemes such as carbon adsorption is costly, as shown in Table 5 . However, in those cases where these treatment schemes are viable, high removal percentages are realized.
Recently, in a corollary to carbon adsorption, the use of clays for detoxification of hazardous materials has been proposed. Clays, in particular bentonite clays, have exhibited adsorptive capacities 10 to 20 times greater than activated carbon for nonionic surfactants (14) . Although the potential for regeneration of clays is not as plausible as for activated carbon, the mixing of clays and hazardous solid wastes prior to shallow land burial as a hazard reduction technique is still a viable alternative.
Foam separation has been used to detoxify bleached kraft mill effluents (15) . It exploits the phenomenon that toxic surface-active substances such as resin and unsaturated fatty acids can be foam fractionated and separated. The resulting foam after collection and collapsing is biologically treated.
The role of chemical precipitation in the soils to detoxify hazardous agents has been previously cited. In a similar manner, the sorption and ion exchange capacity of the soils can provide a mechanism for detoxification. The fine particles of soil and sediments have enormous surface areas relative to their sizes, and carry electric charges. Toxic ions and molecules are held to the charged surfaces in various ways, by forces that range from those due to weak residual electric charges to strong chemical bonds. Often a leachate ion replaces an ion already present on the surface, thus releasing the second ion to the leachate. These processes are probably more important than solubility in the retention of toxic substances in the soil.
Biological Treatment. Biodegradation of hazardous substances such as certain hydrocarbons, pesticides, and heavy metals (cyanide, for example), has been the subject of a number of studies. Soils, particularly the surface horizon to a depth of 1-3 ft (0.3-0.9 m), contain large numbers and varieties of aerobic, facultative, and obligate anaerobic organisms which singly or together can provide an effective biological detoxification of certain hazardous agents.
Soil tests, using both lysimeters and field applications on 400 ft2 (37 m2) plots for periods ranging from 40 to 45 weeks, were conducted to measure the accumulation of pesticides: malathion, diazinon, carbaryl, and 2,4-D, which were added to sewage in concentrations of 0.1 mg/l. (11) . The concentration of the pesticides was greatest at the soil's surface, but occasionally slugs of pesticides would break through for no discernible reason. Generally, however, the pesticides neither accumulated nor moved downward more than about 36 in. (0.9 m).
Biological and chemical degradation was deemed to be the reason for the disappearance of the pesticides, which have half-lives under these conditions of approximately 4 weeks.
A summary of the literature produced little evidence that the pollution of ground water by chemicals was extensive or significant (16}. The reasons cited for this were the processes of volatilization, biodegradation, and sorption active in the soils. Of these processes, biodegradation was considered the most significant.
Recent studies have affirmed the amenability of some landfill leachates to biodegradation (17, 18) . Aerobic and anaerobic biological processes were most effective in treating leachates derived from recently constructed landfills, whereas physicalchemical processes worked best for treating leachates from stabilized landfills.
Use of biodegradation as a pretreatment device prior to shallow land burial for the detoxification of hazardous solid wastes may not be practicable. A more rational approach is to incorporate one or more "passive barriers" between the waste and the environment as part of the multiple barrier concept to prevent migration of the waste so that sufficient time for long-term biodegradation is possible. In this manner, removal of hazard from hazardous Environmental Health Perspectives waste may occur although the actual locality of the detoxification process is within the shallow land burial site.
Use of biological countermeasures for removal of hazardous material spills has indicated that 10,000 mg phenol/l. can be decomposed (19) . Table 6 shows the effects of initial phenol concentration on decomposition rates. In these tests, bacteria were cultured in phenol solution (500 mg/l.).
Volume Reduction (Specialized Methods)
A natural extension of separation and waste partitioning procedures is volume reduction. This pro- weight reduction in the wastes, an advantage is gained by removing one of the primary vectors for migration of the hazardous agents from the waste in the event of accidental release during transport; the vector being the movement of water through the hazardous waste material (20) . The costs of evaporation and vacuum filtration are substantial (Figs. 4 and 5) . Incineration. The decision to incinerate depends on the type of hazardous solid waste, moisture content, organic fraction, heat content, economics, and the availability of land. Whenever feasible, incineration should be considered. This process significantly reduces the volume, generally will also detoxify the waste, and gives a product amenable to compaction and containerization resulting in enhanced ease of handling. Incineration processes include the stationary hearth incinerator, the multiple hearth furnace, the rotary kiln, the fluidized bed reactor, and the open pit incinerator. Each type of incinerator operates properly only within a limited range of temperatures. Generally speaking, for efficient operation, the materials burned must have a fairly uniform BTU value. This may require the blending and mixing of wastes to be burned and the addition of auxiliary fuel. Capital costs for incinerators are high, particularly for the smaller units (Fig. 6) . In some cases, complete elimination of the hazardous agent may be obtained through incineration (13) .
Compaction. Three types of equipment are 
Segregation and Containerization
The next phase of residuals management involves containment for transportation and storage. This phase is accomplished during the compaction process and the compacted material may serve as a passive barrier if the physical integrity of the solid waste is retained. Two techniques are usually employed to achieve this component of the multiple barrier concept. These are containment and encasement. Encasement is usually combined with one or more storage methods. The burial site itself, with proper use of clays or other liner materials, can become a container. This aspect of the multiple barrier concept is more effective in reducing water movement than maintenance of physical integrity. Containment. The initial containment of hazardous solid wastes provides temporary storage, facilitates waste transfer and transportation, improves burial operations, provides a more structurally stable burial site, and reduces the volume requirements for the burial site.
The most commonly encountered method of containment for storage and transport of hazardous wastes is the use of drums. Drummed wastes may include solids such as pesticides, tars, and hazardous sludges and liquids such as acids and solvents. Often drums are used for storage and disposal of off-grade product.
Depending on the type and form of the waste, other containers used are the previously cited wrapped, tied, or banded bales, bags, and boxes (22) . The two common solid waste baling systems involve high-density baling and shredding followed by low-compression baling and tying. The basic differences in the two balers are that the first employs a large high-pressure baler adapted from scrap metal applications, whereas the second baler is adapted from low-density reclamation applications. Containers provide temporary storage and transport integrity.
Encasement. A method of improving the passive barrier is encasement. The use of concrete as an encasement material is widespread. Drums encased with concrete have been used for segregating hazardous wastes from the environment for a number of years. More recently, an interest in developing a technology for encasement in plastics and vitreous materials has been expressed (23) . Various encasement materials include: polyethylene, asphalt, lime/fly ash, portland cement, plaster of Paris, metal silicate, bentonite, and vermiculite.
Encasement technology development is an area in which much active research is occurring. For example, a scheme has been proposed for agglomerating hazardous sludges in polybutadiene resin and then encapsulating the agglomerated sludge in a jacket of polyethylene (24) .
The concept of encasement extends beyond simply enclosing containers in a material. It can also apply to the design of the burial site itself. The use of liners such as clays or asphalts in the burial site provides a further barrier against migration of the hazardous wastes.
Isolation
The concept of isolation involves segregating the hazardous wastes from the environment by burial of the wastes at remote sites and locations which do not permit the rapid dispersal of toxic materials into the biosphere. Ultimately, with respect to geologic time, the residuals of hazardous wastes will be assimilated into the environment. The intent of any ultimate disposal scheme is to provide segregation of the hazardous agents so that migration of the pollutants occurs at a rate which does not produce detrimental effects. Such design objectives can be reached through the use of passive, multiple barriers. Since the primary mode of rapid dispersal in the environment is for the pollutant to become water-borne, a passive barrier based on distance from ground and surface water is a viable component of the multiple barrier concept. Although distance to a water resource is an obvious consideration in the selection of a burial site, historically, site selection has been based on availability rather than geomorphological rationale. This oversight has led to problems in land burial operations (25, 26) .
Criteria for isolation have been well documented (4). Some considerations are: active faults, high seismic risk areas, and highly permeable formations, such as karstic areas, and glacial outwash plains, should be significantly distant; the bottom of the burial site should be well above the historical high groundwater table, and flood plains, shore lands, and groundwater recharge areas should be significantly distant; the site should be distant from private wells for human and/or livestock use and from municipal water supplies, reservoirs, or wells; and location in an area of low population density and diverse fauna and flora is desirable.
Elimination of Water Drive. Another component of the multiple barrier concept is the elimination or minimization of the water drive which tends to cause migration of the hazardous agents after disposal in shallow land burial sites. These driving forces are associated with the formation and transport of leachates in the burial site. Specific factors influencing migration have been identified: infiltration rate, filtering capacity, buffering capacity, and adsorptive capacity (27) . Leachate problems tend to become more important when precipitation exceeds evapotranspiration.
Soil parameters affecting water infiltration and runoff are: soil structure, surface tension forces which influence moisture movement, soil moisture content, soil permeability, soil mineralogy, vegeta-tive cover, tillage effects, temperature of water and soil, entrapped air, and topography (28) (29) (30) . An extension of this approach for containing potentially hazardous wastes has been the use of liners in the burial site (31) . Cost estimates for various liner materials are given in Table 7 . Clays. Clays have an advantage over the other suggested liners because they have desirable buffering and adsorptive capacities that can be engineered to provide an additional barrier. The specific characteristics of clay of engineering importance are: bulk density, grain size distribution, mineral composition, exchange capacity, and resident exchangeable ions (33, 34) . Examples of coefficients of permeability and grain size distribution, respectively, are given in Tables 8 and 9 .
Nonclay Liners. Special barriers can be used to intercept and control seepage. Soil cements, asphaltic materials, and synthetic polymeric membranes are all potential barriers (36 for the sorption of all substances although Eagle Ford clay generally presented excellent characteristics (Tables 10 and 11 ; Figs. 7 and 8 ).
These results demonstrated the feasibility of using clay beds as potential storage and disposal sites (Fig. 9) . In addition to the clay liner, other liners can be added to increase the number of barriers. The reconstituted clay liner may vary from several inches to several feet, depending on the waste, surrounding clays, water conditions, and other factors unique to the waste and the area. The cross section of the pit may take several forms, depending on the techniques used to open the pit, prepare the liner areas, fill the pit, and close the compartments. It is recommended that a means for monitoring leachate migration be provided.
Conclusion
Ultimately, residuals must be returned to air, land, or the oceans. The cost of disposal will be borne by the consumer, because residual wastes are generated when natural resources are processed for man's benefit.
There is a large and growing body of technical literature on waste management. Hazardous agents can be removed from wastes, although under some circumstances it is more economical to modify the manufacturing process rather than modify sections of the treatment train. The removal of hazardous agents is not simply a process that occurs at any one step in a well engineered system.
The PIT afford mechanisms for detoxifying and rendering innocuous the hazardous agents in the waste. Through the use of properly engineered treatment systems and passive but multiple barriers between residuals and the biosphere, it is possible to reduce the transport of potential pollutants to environmentally acceptable levels.
